Idiopathic pulmonary arterial hypertension (PAH) is a life-threatening condition characterized by pulmonary arteriolar remodeling. This investigation aimed to identify genes involved specifically in the pathogenesis of PAH and not other forms of pulmonary hypertension (PH). Using genomewide microarray analysis, we generated the largest data set to date of RNA expression profiles from lung tissue specimens from 1) 18 PAH subjects and 2) 8 subjects with PH secondary to idiopathic pulmonary fibrosis (IPF) and 3) 13 normal subjects. A molecular signature of 4,734 genes discriminated among these three cohorts. We identified significant novel biological changes that were likely to contribute to the pathogenesis of PAH, including regulation of actin-based motility, protein ubiquitination, and cAMP, transforming growth factor-␤, MAPK, estrogen receptor, nitric oxide, and PDGF signaling. Bone morphogenic protein receptor type II expression was downregulated, even in subjects without a mutation in this gene. Women with PAH had higher expression levels of estrogen receptor 1 than normal women. Real-time quantitative PCR confirmed differential expression of the following genes in PAH relative to both normal controls and PH secondary to IPF: a disintegrin-like and metalloprotease with thrombospondin type 1 motif 9, cell adhesion molecule with homology to L1CAM, cytochrome b558 and ␤-polypeptide, coagulation factor II receptor-like 3, A-myb myeloblastosis viral oncogene homolog 1, nuclear receptor coactivator 2, purinergic receptor P2Y, platelet factor 4, phospholamban, and tropomodulin 3. This study shows that PAH and PH secondary to IPF are characterized by distinct gene expression signatures, implying distinct pathophysiological mechanisms. bone morphogenic protein receptor type II; estrogen; idiopathic pulmonary fibrosis; microarrays; mitogen-activated protein kinase; nitric oxide; platelet-derived growth factor PULMONARY ARTERIAL HYPERTENSION (PAH) is a disease characterized by elevated mean pulmonary arterial pressures (Ն25 mmHg at rest or Ն30 mmHg during exercise) (56) and subsequent right ventricular hypertrophy and failure. Vascular remodeling, manifested by excessive proliferation of vascular endothelium, smooth muscle cells, and fibroblasts, resulting in thickening of the walls of the pulmonary arterioles and formation of plexiform lesions, is the underlying cause of the increased vascular resistance (65). The mean survival time without treatment is ϳ2.8 yr, and the ratio of affected women to men is up to 3:1 (38, 46). PAH is termed idiopathic when sporadic, and familial in the 6% of cases with a positive family history. Both forms appear to share the same pathophysiological processes (16).
PULMONARY ARTERIAL HYPERTENSION (PAH) is a disease characterized by elevated mean pulmonary arterial pressures (Ն25 mmHg at rest or Ն30 mmHg during exercise) (56) and subsequent right ventricular hypertrophy and failure. Vascular remodeling, manifested by excessive proliferation of vascular endothelium, smooth muscle cells, and fibroblasts, resulting in thickening of the walls of the pulmonary arterioles and formation of plexiform lesions, is the underlying cause of the increased vascular resistance (65) . The mean survival time without treatment is ϳ2.8 yr, and the ratio of affected women to men is up to 3:1 (38, 46) . PAH is termed idiopathic when sporadic, and familial in the 6% of cases with a positive family history. Both forms appear to share the same pathophysiological processes (16) .
Bone morphogenic protein (BMP) receptor type II (BMPR2) mutations, including exon duplications and deletions and gene rearrangements, have been identified in ϳ23% of all PAH cases and constitute the largest identified genetic risk for the disease (38) . Mutations in this gene frequently produce a truncated protein, resulting in the downregulation of BMP signaling, which, in turn, increases proliferation of vascular smooth muscle cells via Smad1/5/8 (35, 76) . BMPR1A and BMPR2 expression are reduced in PAH lung tissue (4, 13, 31) , even in the absence of any identifiable mutation (35) . More recently, protein expression changes in peripheral blood mononuclear cells were shown to distinguish familial PAH patients with BMPR2 mutations from obligate BMPR2 carriers without PAH (32) . BMP-2 appears to inhibit pulmonary artery smooth muscle cell proliferation through BMPR2, peroxisome proliferator-activated receptor-␥, and apolipoprotein E (22) . While these studies underscore the importance of the transforming growth factor-␤ (TGF-␤)/BMP signaling pathway in the onset and development of PAH, most cases of PAH occur in the absence of BMPR2 mutations, and conversely BMPR2 mutations in carriers do not always lead to PAH. Furthermore, BMPR2 gene therapy failed to ameliorate monocrotaline PAH in one model (31) . These observations suggest that additional factors, both genetic and environmental, may be required for the development of the clinical phenotype.
Besides germline mutations in BMPR2, somatic mutations in other genes, such as Bax, angiopoietin-1, vascular endothelial growth factor (VEGF), Smads, thromboxane, prostacyclin, plasminogen activator inhibitor, serotonin transporter, and Von Willebrand factor, have also been suggested to contribute to the development of the disease (9, 18, 23, 32 and references therein, 47, 58, 62, 69, 75) . Functional and molecular studies have shown that PAH is associated with upregulation of the transient receptor potential channel calcium channels (77) and downregulation of the voltage-gated K ϩ 1.5 potassium channel (7) , which lead to increases in intracellular K ϩ and Ca 2ϩ concentrations and, in turn, lead to contraction, proliferation, and resistance to apoptosis of pulmonary artery smooth muscle cells (7, 77) . These changes appear to be dependent, in part, on the antiapoptotic gene survivin (30) , nuclear factor of activated T cells (7) , and hypoxia-inducible factor-1␣ (6) . Expression changes in interleukin-6 and NADPH oxidase 4 (NOX4) have been reported among other modifiers to result in vasoconstriction and remodeling in pulmonary artery smooth muscle cells (20, 21, 28, 33) . Pulmonary artery endothelial cells derived from PAH lung tissue have shown increased expression of arginase II and signal transducer and activator of transcription 3 (STAT3) and decreased expression of nitric oxide (NO) (28, 74) . RNA expression profiling of lung tissue offers an unbiased, genomewide approach to identifying potential biological pathways responsible for the pathogenesis of PAH (53) . This approach is free of any a priori assumptions as to which biological pathways are important. Geraci and colleagues (19) previously performed a genomewide RNA expression study using lung tissue specimens from six PAH subjects and six normal control subjects. Although this study was groundbreaking, since its completion, there has been an evolution in microarray technology, bioinformatics analytic tools, and availability of lung tissue specimens.
In this study, we performed genomewide RNA expression profiles in lung tissue specimens obtained from 18 human subjects with PAH and 8 subjects with pulmonary hypertension (PH) secondary to idiopathic pulmonary fibrosis (IPF) at the time of lung or heart-lung transplantation, along with 13 normal control subjects, to uncover novel clues to understanding the pathophysiology of this complex disease. The BMPR2 gene was analyzed in all PAH subjects by direct sequencing and multiplex ligation-dependent probe amplification to detect point mutations and gene rearrangements. Expression profiles of PAH lungs were compared with profiles of lungs from normal controls and PH secondary to IPF to identify genes uniquely differentially expressed in PAH. We used IPF subjects with secondary PH as a control cohort to enrich our data set for RNA expression changes that were specific to the arteriolar remodeling unique to PAH, rather than changes that were secondary to the hemodynamics of PH of any etiology. We report changes in several biological pathways and networks associated with PAH and identify novel potential targets for future therapeutic interventions.
MATERIALS AND METHODS
Tissue specimens. Fresh frozen lung tissue specimens from PAH subjects (n ϭ 18), IPF subjects with secondary PH (n ϭ 8), and normal controls (n ϭ 13) were obtained from the University of Pittsburgh Health Sciences Tissue Bank following approval by the University of Pittsburgh Institutional Review Board and informed consent by subjects contributing tissue specimens. Table 1 presents demographic and clinical data of all subjects donating lung tissue samples used in this study.
BMPR2 mutation screening. DNA was phenol-chloroform extracted from frozen tissue using standard protocols. Primer 3 software (http://frodo.wi.mit.edu/primer3/) was used to design primers for amplification of exons 1-13 by PCR (Supplemental Table 1 ; the online version of this article contains supplemental data). Following PCR, amplicons were purified with ExoSap (USB) and sequenced bidirectionally with ABI Big Dye terminator on an ABI 3100 Genetic Analyzer to detect mutations. Duplications or deletions of exons are not detectable by PCR and direct sequencing. Therefore, to screen for exon duplications or deletions, we performed multiplex ligationdependent probe amplification using a commercially available kit (MRC-Holland, kit P093), according to the manufacturer's instructions (3) .
Genomewide RNA expression profiling. RNA was isolated from lung tissue using Trizol (Invitrogen) and purified using the RNeasy Mini kit (Qiagen). Microarray experiments were carried out as described elsewhere (48) . Briefly, RNA quantity was determined on an Agilent Nanodrop and quality assessed on an Agilent 2100 Bioanalyzer, according to the manufacturer's instructions. Five hundred nanograms of total RNA meeting quality control criteria were Cy3 labeled using the Agilent Low RNA Input Linear Amplification Kit PLUS (One-Color). After purification and fragmentation, aliquots of each sample were hybridized to an Agilent Whole Human Genome 4 ϫ 44 K microarray, sequentially washed, and scanned on an Agilent DNA microarray scanner. RNA expression data were analyzed with Agilent Feature Extraction Software.
Microarray data analysis. Processed microarray data were log2-transformed and cyclic loess normalized (72) , and then expressed as the difference of log of gProcessed Signal (Agilent Feature Extraction) and log of geometric mean of controls. A twofold difference in normalized expression value was used to estimate differential expression. Hierarchical clustering analysis was carried out using Scoregene statistical package (available at http://compbio.cs.huji.ac.il/scoregenes/) and visualized using the TreeView program (50) . The q-value, computed using the SAM (significance analysis of microarrays) package (66) in the R statistical environment (44) , was used to identify differentially expressed genes. The q-value represents the minimal false discovery rate at which an individual hypothesis test may be called significant. A gene was declared to be differentially expressed if the gene had a q-value Ͻ 5% in a three-way SAM analysis (normal controls vs. IPF with PH vs. PAH) and also had a q-value Ͻ 1% in at least one of the three pairwise SAM analyses. Ingenuity Pathway Analysis software was applied to identify differentially expressed gene clusters in biological pathways and networks. The complete microarray data set generated in this study is available in the Gene Expression Omnibus (GEO) database (www.ncbi.nlm.nih.gov/geo/ query/acc.cgi?accϭGSE15197, accession number GSE15197).
Real-time quantitative PCR. Quantitative PCR (QPCR) quantification was performed as described (1) for selected genes using RNA extracted from lung tissue specimens from subjects with PAH, subjects with PH secondary to IPF, and normal subjects, to confirm findings from our microarray studies: a disintegrin-like and metalloprotease with thrombospondin type 1 motif 9 (ADAMTS9); BMPR1A; BMPR2; cell adhesion molecule with homology to L1CAM (CHL1); cytochrome b558, ␤-polypeptide (CYBB); E2F transcription factor-1 (E2F1); estrogen receptor-␣ (ESR1); coagulation factor II (thrombin) receptor-like 3 (F2RL3); A-myb myeloblastosis viral oncogene homolog 1 (MYBL1); nuclear receptor coactivator 2 (NCOA2); purinergic receptor P2Y (P2RY1); platelet factor 4 (PF4); phospholamban Values are means Ϯ SE; n, no. of subjects. PAH, pulmonary arterial hypertension; IPF, idiopathic pulmonary fibrosis; PH, pulmonary hypertension; M, male; F, female; PVRI, pulmonary vascular resistance index; MPAP, mean pulmonary arterial pressure.
(PLN); protein phosphatase (PP) 2, catalytic subunit, ␣-isoform (PPP2CA); prostaglandin-endoperoxide synthase 2 (PTGS2); tropomodulin 3 (TMOD3); and VEGF A (VEGFA). cDNA was synthesized using the SuperScript III First-Strand System (Invitrogen). The cDNA was then used as template for QPCR with gene-specific primers. Gene specific primers were designed using Genscript software (www.genscript. com/ssl-bin/app/primer), avoiding regions of homology between multiple genes (Supplemental Table 2 ). QPCR was carried out on an ABI Prism 7000 Sequence Detection System with the Express SYBR GreenER kit with premixed ROX (Invitrogen). QPCR results were analyzed using ABI Prism 7000 SDS software (Applied Biosystems).
Threshold cycle values were normalized to gylceraldehyde-3-phosphate dehydrogenase. ⌬⌬Threshold cycle values were estimated, and statistical power computed using Student's t-test.
Protein analysis. Frozen lung tissue was homogenized in 20 volumes of protein extraction buffer [in mM, 50 Tris at pH 8.0, 200 NaCl, 20 NaF, 20 ␤-glycerolphosphate, 1 DTT, with 0.5% Nonidet P-40, 1 protease inhibitor tablet/7 ml buffer (Roche)]. The homogenate was allowed to settle on ice for 10 min and centrifuged at 10,000 g for 10 min, and the supernatant was used for protein studies. Protein quantities were measured by the Bradford method (Bio-Rad). Immunoblots were performed as described (5) using equal amounts (30 -60 g) of total protein in each lane of an appropriate concentration protein gel (Pierce). Samples were transferred from the gel to a polyvinylidene difluoride membrane. The membrane was blocked and incubated at 4°C overnight with primary antibody at a titer recommended by the supplier, followed by the appropriate horseradish peroxidase-conjugated secondary antibody (Santa Cruz) (1:2,000 dilution) at room temperature for 1 h. Proteins were visualized and quantified by enhanced chemiluminescence (Pierce). The following primary antibodies were used: BMPR2 (R&D Systems, AF811), P2RY1 (Sigma-Aldrich, P6487), PTGS2 (Santa Cruz Biotechnology, SC1747), and VEGFA (Abcam, ab46154). Signal intensity was normalized to protein loading using a second immunoblot with primary antibody specific for gylceraldehyde-3-phosphate dehydrogenase.
Statistical analysis. Statistical analysis of genomewide RNA expression data from microarrays is described above. Unpaired Student's t-tests were performed to compare data obtained from experimental and control cohorts. One-way ANOVA, followed by the Bonferroni correction post hoc test, was used for multiple comparisons. A value of P Յ 0.05 was considered significant.
RESULTS AND DISCUSSION
This study represents the largest gene expression data set from human PAH lung tissue samples and contrasts PAH RNA expression patterns with not only normal control subjects, but also subjects with secondary PH. Histological studies have demonstrated that vascular remodeling in interstitial pulmonary disorders such as IPF is characterized by absence of endothelial proliferation compared with PAH, which is driven by smooth muscle and endothelial proliferation (63) . Inclusion of PH secondary to IPF as a comparison cohort enriched our data set for RNA expression changes that were specific to the arteriolar remodeling unique to PAH, rather than changes that were secondary to the hemodynamics of PH of any etiology. We identified major changes in the expression of many genes and biological pathways that appeared to be unique to PAH. The expression profiles for the three cohorts clearly distinguished PAH from PH secondary to IPF and from normal controls. Because of the limited availability of tissue samples, there was some heterogeneity in age and sex among the three cohorts, which could potentially lead to some spurious differences in gene expression between cohorts. However, analysis of the expression of selected individual genes showed little intracohort variation on the basis of sex and age.
BMPR2 mutation screening. All 18 PAH subjects were screened for point mutations and exon deletions and duplications in BMPR2. A mutation was identified in a single subject: a deletion of nucleotides 187G-188G, resulting in the premature truncation of the protein at residue 63. The prevalence of mutations, particularly exon deletions and duplications, appeared to be somewhat lower in this cohort than reported in other cohorts (3, 11) . Unlike previous reports, this study focused exclusively on PAH subjects who were undergoing lung and heart-lung transplants.
Genomewide RNA expression profiles. Whole genome RNA expression profiles of lung tissue specimens from PAH subjects (n ϭ 18) were compared with those from normal controls (n ϭ 13) and subjects with PH secondary to IPF (n ϭ 8) (Supplemental Fig. 1 ). Two different analyses of the expression data were performed. First, we identified a total of 13,889 genes differentially expressed at q Յ 5% in the PAH cohort relative to normal controls, with 8,678 and 5,211 genes being upregulated and downregulated in PAH, respectively. The biological function of 6,149 of these genes was identified using Ingenuity Pathway Analysis software.
A second analysis was carried out to identify genes with changes in expression unique to PAH compared with both normal controls and PH secondary to IPF at q Յ 5% ( Fig. 1 ) and q Յ 1%. A total of 4,734 and 1,604 genes were differentially expressed in PAH relative to both normal controls and Fig. 1 . Heat map representing genes (q Յ 5%) with expression changes unique to the pulmonary arterial hypertension (PAH) cohort. 4,734 genes were differentially expressed in PAH relative to both normal controls and pulmonary hypertension (PH) secondary to idiopathic pulmonary fibrosis (IPF), generating a signature discriminating among all three cohorts. 2,377 genes were concomitantly upregulated in PAH compared with both normal controls and PH secondary to IPF; 2,357 genes were concomitantly downregulated. Each row represents a gene, and each column represents a sample. Yellow indicates upregulation, and blue indicates downregulation.
PH secondary to IPF at q Յ 5% and q Յ 1%, respectively. A large number of these genes were involved in regulation of gene expression, cell signaling, RNA posttranscriptional changes, and cellular assembly and organization (Supplemental Tables 3 and 4) . Table 2 presents a short list of 43 genes selected on the basis of their functional role in cell signaling, vascular function and disease, cellular assembly, organization, development, and proliferation. These genes were highly up- and downregulated in PAH (q Յ 1%) relative to the other two cohorts and may play an important role in the pathogenesis of the disease. Since BMPR2 has been implicated in PAH, a network of genes functionally associated with BMPR2 was generated using Ingenuity (Fig. 2) . The expression of a total of 25 BMPR2-associated genes was changed in PAH relative to normal controls and PH secondary to IPF, of which at least nine genes were involved in cell proliferation.
Validation of microarray data. Differential expression of 17 genes in PAH relative to normal controls and PH secondary to IPF was confirmed by QPCR (Fig. 3A) , in part to document the technical validity of our microarray assays. However, as detailed individually below, each gene was selected on the basis of its respective biological role that may be relevant in the pathophysiology of PAH. Although some genes, such as BMPR1A, BMPR2, PTGS2, and VEGFA (4, 13), have been previously implicated in PAH, we also examined novel genes that may participate in its pathophysiology, including ADAMTS9, CHL1, CYBB/NOX2, E2F1, ESR1, F2RL3, MYBL1, NCOA2, P2RY1, PF4, PLN, PPP2CA, and TMOD3.
The enzyme PPP2CA is one of four major PPs that are responsible for the dephosphorylation of serine and threonine residues in proteins, and its overexpression leads to cell cycle arrest and apoptosis (39) . In contrast, MYBL1 is a member of the MYB transcription family that increases the rate of transcription in smooth muscle cells (57) . QPCR confirmed the downregulation of PPP2CA in PAH relative to normal controls and the upregulation of MYBL1 in PAH, compared with both normal control and PH secondary to IPF. Hence, differential expression of PPP2CA and MYBL1 in PAH may be some of the factors mediating smooth muscle cell and other cell proliferation in this disease. E2F1 is a member of the E2F family of transcription factors that control cell cycle, and overexpression of the E2F1 forces vascular smooth muscle cells to enter the S phase and, subsequently, to undergo apoptosis (54) . E2F1 was overexpressed in PAH. NCOA2 belongs to the nuclear hormone receptor family that are conditional transcription factors, vital to cell growth and development. Its overexpression has been detected in both proliferating and confluent myoblasts (OMIM: 601993). Reduced expression of NCOA2 was observed in PAH relative to both control and PH secondary to IPH. Overexpression of E2F1 and underexpression of NCOA2 in PAH may represent a late-stage development. Nonphagocytic NADPH oxidases (NOX1, NOX2, and NOX4, and their subunits) have been suggested to play an important role in the regulation of hypertrophy, remodeling, and angiogenesis in the systemic circulation. While one study reported a 2.5-fold upregulation of NOX4 in idiopathic PAH lungs relative to normal controls and increased NOX4 expression in association with development of PH in mice exposed to chronic hypoxia (33) , another study demonstrated that increased NOX2/CYBB expression is essential for chronic hypoxia-induced PH (26) . Our study demonstrated a 3.5-fold upregulation of NOX2/CYBB in human lung PAH tissue specimens relative to normal controls and a similar upregulation relative to PH secondary to IPF, supporting the role of NOX2/ CYBB in vascular remodeling.
P2RY1 belongs to the family of G protein-coupled receptors and functions as a receptor for extracellular ATP and ADP. It is essential for ADP-induced platelet activation, aggregation, and thrombosis (25) . Coagulation F2RL3 participates in the coagulation system and is necessary for platelet activation by thrombin (51) . A major physiological role of PF4 appears to be neutralization of heparin-like molecules on the endothelial surface of blood vessels, thereby promoting coagulation. It is also suggested to play a role in inflammation (15) and fibroblast proliferation (40) . P2RY1, F2RL3, and PF4 were upregulated in PAH tissues relative to both normal controls and PH secondary to IPF.
Cell migration is vital for many cellular functions, including vascular proliferation and vascular repair. In vitro studies in human microvascular endothelial cells-1 suggest that TMOD3 overexpression results in cell depolarization that is associated with decreased cell motility (17) . Since TMOD3 is expressed in smooth muscle cells (12) and plexiform lesions in PAH are formed in part by migrating smooth muscle cells (67), we suggest that decreased expression of TMOD3 might have a role in regulating migration of smooth muscle cells in PAH. CHL1 encodes neural cell adhesion molecules required for migration and differentiation of neuronal cells. More recently, decreased expression of CHL1 in a highly invasive melanoma cell line has highlighted its potential role as a tumor suppressor (61) . Similarly, downregulation of ADAMTS9 in tumor cell lines has provided functional evidence of its tumorigenic suppressive ability. ADAMTS9 is a member of the ADAM metalloproteinases that have been implicated in the cleavage of proteoglycans, organ development, and the inhibition of angiogenesis (27) . Although CHL1 is reported to be highly expressed in normal lung tissues (68) , expression of CHL1 and ADAMTS9 was downregulated in PAH tissues relative to both normal controls and PH secondary to IPF. We hypothesize that reduced expression of CHL1 may affect cellular proliferation, facilitating the progression of PAH.
ESR1 expression was selected for validation by QPCR because of a predilection of PAH for females. Phosphorylated PLN enhances Ca 2ϩ sequestration into the sarcoplasmic reticulum, mediating vasodilatory action in vascular smooth muscle (24) . The potential functional roles in PAH of both genes are discussed in greater detail below. Expression changes at the protein level were confirmed by immunoblot for four of these genes discussed above: BMPR2, VEGFA, PTGS2, and P2RY1 (Fig. 3B) .
Biological pathways. Using Ingenuity Pathway Analysis software, we interrogated our microarray data to gain novel insights into the complex pathophysiology of PAH. Fold changes of all genes in PAH relative to normal controls were computed for the entire expression data set and overlaid onto different pathways. Next, similar analyses were carried out for genes exhibiting changes in PAH relative to normal controls at q Յ 5% and in PAH relative to both normal controls and PH secondary to IPF at q Յ 5%. Among the most significant biological pathways perturbed in PAH relative to both normal controls and PH secondary to IPF, the top three differentially expressed pathways were regulation of actin-based motility by Rho, cyclic adenosine monophosphate (cAMP)-mediated signaling, and the protein ubiquitination pathway. An in-depth analysis of these top pathways and several other pathways selected on the basis of earlier studies and our present analysis is presented below. All expression changes are presented as log 2 fold change. Descriptions of individual genes in each pathway are listed in Supplemental Table 5 .
Regulation of actin-based motility by Rho. Cell migration is vital for cellular and tissue remodeling, and improper regulation of cell migration can result in many abnormal processes. The actin cytoskeleton is essential for cell migration and is regulated by small GTPases of the Rho family (70) . In brief, GTP-bound activated cell division cycle 42, Rac, and Ras homolog (Rho) specifically bind to activate their downstream effectors, which are either kinases or scaffolding proteins. These downstream proteins, in turn, activate diverse signaling pathways that affect the actin cytoskeleton and cellular morphology (2). In lungs, Rho GTPases control vascular remodeling, and their sustained activation can result in development of PH. For example, in smooth muscle cells, RhoA activates Rho kinase, which helps maintain sustained contraction via increased phosphorylation of myosin light chains, and, in endothelial cells, RhoA stimulates the formation of stress fibers that results in increased permeability (71) . Although Rho kinase was downregulated in our analysis, downstream effector protein kinases, such as p21 protein (cell division cycle 42/ Rac)-activated kinase 1, p21 protein (cell division cycle 42/ Rac)-activated kinase 2, phosphatidylinositol-5-phosphate 4-kinase, type II, ␣ and ␤ were upregulated in PAH tissues (Supplemental Table 5 ). These data taken together suggest that overexpression of protein kinases in PAH lung tissues may be one of the factors leading to tissue remodeling associated with the disease.
cAMP-mediated signaling pathway. cAMP is an intracellular second messenger that is important for various biological processes, including regulation of vascular tone in PAH. Cyclic nucleotide phosphodiesterases (PDEs) catalyze the hydrolysis of cAMP and cyclic guanosine monophosphate. Increased expression of PDE1A, PDE1C, PDE3B, and PDE5A in PAH pulmonary artery smooth muscle cells have been observed in association with decreased cAMP levels and increased proliferation of pulmonary artery smooth muscle cells in PAH patients (36) . Inhibition of PDE isoforms results in relaxation of smooth muscle cells (37, 43) . Our data confirmed increased expression of PDE3B and also show increased expression of PDE4A, PDE4C, and PDE4D. However, we observed decreased expression of PDE1A and PDE1C, perhaps suggesting differences in expression between cellular constituents of lung tissue. Comparison of our data with previous reports suggests that the isoform PDE3B may be the most important in the pathogenesis of PAH (Fig. 4 , Supplemental Table 5 ) (36) . Although the PDE5 inhibitors sildenafil and tadalafil are commonly used to treat PAH, this isoform did not appear to be significantly differentially expressed in PAH subjects. None of the PAH subjects in this study were receiving this treatment immediately before lung explantation.
Protein ubiquitination pathway. Proteolysis of cellular protein is vital for regulation of many basic cellular processes, such as cell cycle and division, response to stress and extracellular modulators, modulation of cell surface receptors, ion channels and the secretory pathway, DNA repair, regulation of the immune and inflammatory responses, and apoptosis. Ubiquitination involves activation of ubiquitin by an E1 ubiquitinactivating enzyme, followed by transfer of ubiquitin to E3 ubiquitin-protein ligase via E2 ubiquitin-conjugating enzymes (10) . In our data set, 32 of the 48 differentially expressed molecules in this pathway were downregulated in PAH relative to both normal controls and PH secondary to IPF at q Յ 5%, among which anaphase promoting complex subunit 1 (ANAPC1); ANAPC5; proteasome 26S subunit, ATPase, 5; proteasome 26S subunit, ATPase, 10; ubiquitin-conjugating enzyme E2E 1 (UBE2E1), UBE2E3, UBE2G1, ubiquitin-specific peptidase 28 (USP28), UBE2 variant 1, and USP13 were significant at q Յ 1% (Supplemental Table 5 ). ANAPC is an E3 ubiquitin ligase that targets specific proteins for proteasomal degradation, thereby allowing progression of the cell cycle (42) . Overexpression of UBE2 variant proteins results in an increase in cell growth rate and protects cells against stress-induced apoptosis (52, 59) . Similarly, overexpression of certain USPs has been associated with enhanced cell proliferation (41) . Interestingly, all of the ANAPC subunits and a majority of the UBE2 and USP subunits were downregulated in PAH, suggesting a compensatory mechanism to counteract excessive cell growth in PAH. Thus the crucial regulatory role played by this pathway in cellular growth, along with downregulation of the pathway in our data set, suggests that a detailed study of ubiquitination in PAH is warranted.
TGF-␤ signaling pathway.
The TGF-␤ family comprises a large number of structurally related polypeptide growth factors, each regulating a array of cellular processes, including cell proliferation, lineage determination, differentiation, motility, adhesion, and death (29) . It has also been implicated in the development of PAH (78), and pulmonary artery smooth muscle cells isolated from PAH subjects have shown resistance to anti-proliferative effects of BMPs, even in the absence of BMPR2 mutations (35) . Validation experiments performed for BMPR2 expression changes in PAH subjects excluded the single PAH subject with BMPR2 mutation (Fig. 3) . Hence, our data confirmed that downregulation of BMPR2 occurs even in the absence of any identifiable mutation, including exonic deletions and duplications. Furthermore, our data demonstrated differential expression of 49 genes in the TGF-␤ signaling pathway in PAH subjects relative to normal controls, and the expression of 19 of these genes was perturbed in PAH subjects relative to both normal controls and PH secondary to IPF (Fig. 5 , Supplemental Table 5 ). Novel genes that had not been previously associated with PAH and were highly overexpressed compared with other genes in the same pathway include muscle RAS oncogene homolog, forkhead box H1, and T-cell leukemia homeobox 2. These changes may reflect downstream effects resulting from expression changes in TGF-␤ and BMP receptors.
ERK/MAPK signaling pathway. The mitogen-activated protein kinase (MAPK)-mediated pathway is a complex signal transduction pathway essential to numerous cell functions, such as adaptation to environmental stress, proliferation, differentiation, and apoptosis (34) . Figure 6 presents an overlay of our expression data on the MAPK pathway. Forty-three genes were either upregulated or downregulated exclusively in PAH relative to normal controls and PH secondary to IPF. Interestingly, genes encoding phospholipase A2 (PLA2), such as, PLA2G1B (group IB), PLA2G2D (group IID), PLA2G4B (group IVB), PLA2G12A (group XIIA), and PLA2G12B (group XIIB), were all upregulated. On the other hand, almost all serine/threonine PP encoding genes, such as PPP1CB (PP1, catalytic subunit, ␤-isoform), PPP1CC (PP1, catalytic subunit, ␥-isoform), PPP1R12A [PP1, regulatory (inhibitor) subunit 12A], and PPP2CA (PP2, catalytic subunit, ␣-isoform) were downregulated, with the exception of PPP1R3B/D [PP1, regulatory (inhibitor) subunit 3D], which was upregulated (Supplemental Table 5 ). Recent studies have suggested that PPs, particularly PP2CA␣, dephosphorylate Smads 2 and 4, inhibit TGF-␤ and BMP receptors, and result in rapid inhibition of these signaling pathways (34) . Therefore, these changes may represent a secondary compensatory response to decreased TGF-␤ and BMP signaling in PAH. Furthermore, PLA2 is involved in apoptosis (60), again suggesting a compensatory mechanism to counteract excessive cell growth in PAH. Interplay between phospholipases and PPs in the MAPK pathway may play a vital role in the development of PAH, and detailed studies focused on these genes may provide new insights into the pathogenesis of the disease.
Platelet-derived growth factor signaling pathway. Plateletderived growth factor (PDGF) and its receptors are known to increase proliferation and migration of smooth muscle cells Fig. 4 . Differentially expressed genes in the cAMP signaling pathway. Green indicates downregulation, red indicates upregulation, and color intensity is proportional to fold change. Bold typeface represents genes differentially expressed in PAH samples relative to normal controls (q Յ 5%). Red diamonds indicate genes differentially expressed in PAH samples relative to both normal controls and PH secondary to IPF (q Յ 5%). AC, 3=,5=-cyclic AMP synthetase; AKAP, A kinase (PRKA) anchor protein; B-raf, v-raf murine sarcoma viral oncogene homolog B1; CAMK, Ca 2ϩ /calmodulin-dependent protein kinase; CNG, cyclic nucleotide gated channel ␤1; CREB, creb protein; EPAC (synonym RAPGEF3), Rap guanine nucleotide exchange factor 3; GRK2 (synonym ADRBK1), adrenergic, ␤, receptor kinase 1; GRK4 (synonym ADRBK4), adrenergic, ␤, receptor kinase 4; ICER, cAMP-responsive element modulator; MKP, member of dual specificity phosphatase; MP1, MAPK scaffold protein 1; PDE, phosphodiesterase; PKA, protein kinase, cAMP dependent, catalytic subunit; RGS, regulator of G protein signaling; STAT3, signal transducer and activator of transcription 3. and fibroblasts. PDGFs B and C (PDGFB and PDGFC) were upregulated in PAH, while both the PDGF-␣ and the PDGF-␤ receptors were downregulated in PAH subjects relative to both normal controls and PH secondary to IPF. Among other downstream molecules in the same pathway, phosphatidylinositol 3-kinase catalytic ␣-polypeptide, phosphatidylinositol 3-kinase catalytic ␦-polypeptide, and RASA1 were ϳ1.5-fold downregulated, while muscle RAS oncogene homolog and Janus kinase 1 were almost twofold upregulated relative to both normal controls and PH secondary to IPF. STAT3 increases proliferation of airway smooth muscle cells (55) . However, STAT3 expression was decreased in PAH lung tissue relative to normal controls and PH secondary to IPF (Supplemental Fig. 2 and Supplemental Table 5 ). Thus, although some expression changes are consistent with smooth muscle proliferation, other changes, such as downregulation of PDGF-␣ and -␤ receptors and a corresponding decrease in expression of STAT3 may represent a secondary response characteristic of end-stage PAH, in which an attempt is made to limit proliferation of smooth muscle cells.
Estrogen signaling pathway. Gene expression data for the estrogen signaling pathway receptors demonstrated upregulation of ESR1 in PAH subjects relative to normal controls and PH secondary to IPF (Fig. 7, Supplemental Table 5 ), also confirmed by QPCR (Fig. 3A) . PAH has a predilection for females, prompting us to carry out a sex-specific analysis based on the individual values obtained from the processed microarray data. Segregation of PAH and normal control samples into females and males showed that female PAH subjects (n ϭ 11) had a higher mean expression of ESR1 than female controls (n ϭ 5) (0.477 Ϯ 0.177 vs. Ϫ0.408 Ϯ 0.41, P Յ 0.01). However, the same pattern held true for male PAH subjects (n ϭ 7) relative to male controls (n ϭ 4) (0.22 Ϯ 0.19 vs. Ϫ0.40 Ϯ 0.08, P ' 0.01). It has been suggested that 17␤-estradiol attenuates hypoxia-induced PH by stimulating endothelial NO synthase (14, 45) . The increased ESR1 expression observed in our study is consistent with either a role in the pathogenesis of PAH, or a secondary protective effect.
Furthermore, Wu and colleagues (73) demonstrated that ESR1 target genes are differentially expressed in rat lungs in response to Fig. 5 . Differentially expressed genes in the TGF-␤ signaling pathway. Green indicates downregulation, red indicates upregulation, and color intensity is proportional to fold change. Bold typeface represents genes differentially expressed in PAH samples relative to normal controls (q Յ 5%). Red diamonds indicate genes differentially expressed in PAH samples relative to both normal controls and PH secondary to IPF (q Յ 5%). BMP2/4/7, bone morphogenic protein 2/4/7; c-Raf, v-raf-1 murine leukemia viral oncogene homolog 1; CBP, CBP/P300; FoxH1, forkhead box H1; GRB2, growth factor receptor-bound protein 2; GSC, goosecoid homeobox; HDAC1, histone deacetylase 1; Hoxc8, homeobox C8; HPK1, mitogen-activated protein kinase kinase kinase kinase 1; MEK1/2, MAP 2 kinase 1; MIS, anti-Mullerian hormone; MKK4, mitogen-activated protein kinase kinase 4; Nkx2.5, NK2 transcription factor related, locus 5; OAZ (synonym ZNF423), zinc finger protein 423; PAI-1, serpin peptidase inhibitor, clade E; PIAS␥, protein inhibitor of activated STAT, 4; PITX2, paired-like homeodomain 2; Runx2, runt-related transcription factor 2; Runx3, runt-related transcription factor 3; SARA, zinc finger, FYVE domain containing 9; Smad1/5/8, SMAD family member 1/5/8; Smad2/3, SMAD family member 2/3; Smad4, SMAD family member 4; Smad6, SMAD family member 6; Smad7, SMAD family member 7; Smurf, SMAD-specific E3 ubiquitin protein ligase; SOS, member of growth factor receptor-bound protein 2; TAB1, mitogen-activated protein kinase kinase kinase 7 interacting, protein 1; TAK1 (synonym MAP3K7), mitogen-activated protein kinase kinase kinase 7; TFE3, transcription factor binding to IGHM enhancer 3; TGIF, TGF-B-induced factor homeobox; TLX2, T-cell leukemia homeobox 2; VDR, vitamin D (1,25-dihydroxyvitamin D3) receptor. intermittent hypoxia, suggesting that ESR1 plays a key regulatory role during intermittent hypoxia response. We examined the expression of ESR1 target genes (8) in our data set (Supplemental Table 6 ). A total of 258 ESR1 targets (147 upregulated and 111 downregulated) were differentially expressed in PAH relative to normal controls and PH secondary to IPF (q Յ 1%). A few target genes included BMPR2, VEGF, and PLN (discussed in detail under TGF-␤ signaling and NO signaling pathways), providing further evidence implicating the estrogen signaling pathway in the pathogenesis of this disease.
NO signaling. NO is synthesized in endothelial cells by NO synthase (endothelial NO synthase) and signals the surrounding vascular smooth muscle cells to relax, thus resulting in vasodilation. It is also an inhibitor of smooth muscle cell proliferation (49) . Among the genes differentially expressed in this pathway, PDE3B (see under cAMP-mediated signaling pathway) and VEGFA were upregulated, and PLN was downregulated in PAH relative to both normal controls and PH secondary to IPF (Supplemental Table 5 ). While VEGFA has been implicated in the pathogenesis of PAH (see Introduction), our study for the first time demonstrated its overexpression in PAH relative to PH secondary to IPF (Fig. 3A) , suggesting that VEGF upregulation is specific to PAH rather than all forms of PH. Inhibition of PLN by phosphorylation may be an important mechanism by which endogenous vasodilators, such as NO, prostacyclin, and adenosine receptor, control Fig. 6 . Differentially expressed genes in the ERK/MAPK signaling pathway. Green indicates downregulation, red indicates upregulation, and color intensity is proportional to fold change. Bold typeface represents genes differentially expressed in PAH samples relative to normal controls (q Յ 5%). Red diamonds indicate genes differentially expressed in PAH samples relative to both normal controls and PH secondary to IPF (q Յ 5%). 4E-BP1, eukaryotic translation initiation factor 4E binding protein 1; ATF-1, activating transcription factor 1; B-Raf, v-raf murine sarcoma viral oncogene homolog B1; BAD, BCL2-associated agonist of cell death; CAS, member of breast cancer anti-estrogen resistance 1; c-Fos, v-fos FBJ murine osteosarcoma viral oncogene homolog; c-Raf, v-raf-1 murine leukemia viral oncogene homolog 1; CRK2, v-crk sarcoma virus CT10 oncogene homolog (avian); cPLA2, phospholipase A2; eIF4E, eukaryotic translation initiation factor 4E; Elk-1, member of ETS oncogene family; ER, estrogen receptor 1; Ets, E74-like factor 1 (ets domain transcription factor); FAK, PTK2 protein tyrosine kinase 2; Fyn, FYN oncogene related to SRC, FGR, YES; KSR, kinase suppressor of ras 1; HSP27, heat shock protein 27; MNK1/2, MAP kinase interacting serine/threonine kinase 1; PAC1 (synonym DUSP2), dual-specificity phosphatase 2; PAK, p21 activated protein kinase; PIP2, 1-phosphatidyl-D-myo-inositol 4,5-bisphosphate; PKA, p21 activated protein kinase; PLC␥, phospholipase C␥; PP1/PP2A, protein phosphatase 1/2A; PPAR␥, peroxisome proliferator-activated receptor-␥; PRAK (synonym MAPK5), mitogen-activated protein kinase-activated protein kinase 5; p90RSK, ribosomal protein S6 kinase, 90 kDa, polypeptide 1; PYK2, PTK2B protein tyrosine kinase 2␤; RAPGEF4, cAMP-Gef; RPS6KA1, ribosomal protein S6 kinase, 90 kDa, polypeptide 1; SHC, Src homology 2 domain containing transforming protein 1; Src, v-src sarcoma (Schmidt-Ruppin A-2) viral oncogene homolog (avian); SRF, serum response factor (c-fos serum response element-binding transcription factor); Stat1/3, signal transducer and activator of transcription 1/3 (acute-phase response factor); YWHAQ, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, -polypeptide; YWHAZ, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, -polypeptide. vascular smooth muscle tone (24) . Therefore, the trend to decreased PLN may represent an endogenous adaptive response to PAH.
Arachidonic acid metabolism. Arachidonic acid is a precursor to prostacyclin, thromboxane, and leukotrienes. Downregulation of prostaglandin I 2 (prostacyclin) synthase, which converts prostaglandin to prostacyclin, has been reported in lung tissue from patients with PAH and secondary PH (64) . Our study showed decreased expression of PTGS2 (Fig. 3) , which converts arachidonic acid to prostaglandin, in PAH lungs relative to normal controls and PH secondary to IPF. Prostanoids are a commonly used treatment for PAH, and these data suggest that they may act by attenuating a deficiency in endogenous prostacyclin. Although seven of the PAH subjects were being treated with prostanoids, and two were on a combination of prostanoids and endothelin receptor antagonists before transplant, there was no significant difference in the expression of PTGS2 between prostanoid-treated and untreated patients (data not shown).
Conclusion. The present study provides a detailed analysis of genomewide RNA expression in PAH lung tissue and establishes a molecular signature differentiating between isolated PAH and PH secondary to IPF, thereby identifying potential differences in pathophysiology between PAH and secondary PH. Differentially expressed genes were participants in different biological functions, such as cell morphology, cell signaling, cell proliferation, tissue development and morphology, and immune response. Overall, these data are consistent with the paradigm that remodeling of several cellular components of the pulmonary vasculature is central to the pathogenesis of PAH, as opposed to secondary PH. Downregulation of the BMPR2 gene even in the absence of mutations in this gene Fig. 7 . Differentially expressed genes in the estrogen receptor signaling pathway. Green indicates downregulation, red indicates upregulation, and color intensity is proportional to fold change. Bold typeface represents genes differentially expressed in PAH samples relative to normal controls (q Յ 5%). Red diamonds indicate genes differentially expressed in PAH samples relative to both normal controls and PH secondary to IPF (q Յ 5%). ACTR (synonym NCOA3), nuclear receptor coactivator 3; BRG1, SWI/SNF related, matrix associated, actin-dependent regulator of chromatin, subfamily a, member 4; CARM1, coactivatorassociated arginine methyltransferase 1; CTBP, COOH-terminal binding protein; DAX1 (synonym NR0B1), nuclear receptor subfamily 0, group B, member 1; DDX5, DEAD (Asp-Glu-Ala-Asp) box polypeptide 5; Er␣, estrogen receptor 1; Er␤, estrogen receptor 2 (ER-␤); G6PC, glucose-6-phosphatase, catalytic subunit; GRIP-1, nuclear receptor coactivator 2; HDAC3, histone deacetylase 3; IGFBP1, insulin-like growth factor binding protein 1; NCOR1, nuclear receptor corepressor 1; NR0B2, nuclear receptor subfamily 0, group B, member 2; PCAF, K (lysine) acetyltransferase 2B; PELP1, proline, glutamate, and leucine rich protein 1; PEPCK, phosphoenolpyruvate carboxykinase; PGC1, peroxisome proliferator-activated receptor-␥, coactivator 1␣; REA, prohibitin 2; RIP140, nuclear receptor interacting protein 1; RTA (synonym RBM9), RNA binding motif protein 9; SHARP, spen homolog, transcriptional regulator (Drosophila); SMRT, nuclear receptor corepressor 2; SRA, steroid receptor RNA activator 1; PGR, progesterone receptor; TAF, TAF2 RNA polymerase II, TATA box binding protein-associated factor; TFIIA, general transcription factor IIA; TFIIH, general transcription factor IIA; TRAP/Media, transformation/transcription domainassociated protein.
confirms that impairment of this signaling pathway is a common mechanism of PAH, regardless of genetic etiology. We also demonstrated that higher expression of ESR1 in both female and male PAH subjects compared with sex-matched normal controls. Further studies searching for mutations in these genes in PAH subjects and detailed in vitro and in vivo experiments examining downstream targets of these different genes will undoubtedly further elucidate the pathophysiology of this complex disease. This, in turn, will result in the development of better therapeutic agents and biomarkers for PAH.
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